The supercritical extraction method is a widely used process to obtain volatile and nonvolatile compounds by avoiding thermal degradation and solvent residue in the extracts. In search of phytochemicals with potential therapeutic application in gastric cancer, the supercritical fluid extract (SFE) of phalsak (Citrus hassaku Hort ex Tanaka) fruits was analyzed by gas chromatography-mass spectrometry (GC-MS). Compositional analysis in comparison with the antiproliferative activities of peel and flesh suggested auraptene as the most prominent anticancer compound against gastric cancer cells. SNU-1 cells were the most susceptible to auraptene-induced toxicity among the tested gastric cancer cell lines. Auraptene induced the death of SNU-1 cells through apoptosis, as evidenced by the increased cell population in the sub-G1 phase, the appearance of fragmented nuclei, the proteolytic cleavage of caspase-3 and poly(ADP-ribose) polymerase (PARP) protein, and depolarization of the mitochondrial membrane. Interestingly, auraptene induces an increase in the phosphorylation of Akt, which is reminiscent of the effect of rapamycin, the mTOR inhibitor that triggers a negative feedback loop on Akt/mTOR pathway. Taken together, these findings provide valuable insights into the anticancer effects of the SFE of the phalsak peel by revealing that auraptene, the major compound of it, induced apoptosis in accompanied with the inhibition of mTOR in SNU-1 cells.
Introduction
Gastric cancer is a common malignant tumor, which is increasingly being reported. It remains at the second leading cause of cancer related death in the world for a long time [1] . Although infection with Helicobacter pylori is considered to be the primary cause, the cause of gastric cancer is multifactorial. There are several complicated reasons for the occurrence of gastric cancer such as food habit, lifestyle, and tobacco smoking [2] . Further, overweight and obesity are also correlated with increased risk of gastric cancer [3] . On the other hand, consumption of fruits or vegetables has been shown long since to decrease the risk of gastric cancer regardless of the anatomical location and the histological type [4] .
The supercritical carbon dioxide is generally used as an extraction solvent since CO 2 is inert and low toxic and requires short extraction time. Because of several such advantages, nowadays supercritical fluid extract (SFE) method is increasingly being used in the food, pharmaceutical, and environmental engineering sectors [5] . Citrus has long been accepted as a rich source of anticancer compounds and several flavonoids have been reported to exhibit anticancer effect against various types of human cancer cells [6] , especially the richest source of auraptene (7-geranyloxycoumarin) [7] . Auraptene has been known to have various pharmacological properties, such as cancer chemopreventive [8] , antioxidant [9, 10] , anti-inflammatory [11] , antimicrobial, antigenotoxic, neuroprotective, and immunomodulatory properties in various animal models [7] . It has been reported to show apoptosis in human acute leukemia Jurkat T cells through ER stress mediated caspase-8 activation followed by stimulation of caspase cascade [12] . Furthermore, it has been reported as a 2 Evidence-Based Complementary and Alternative Medicine chemopreventive agent against cancers of liver, skin, tongue, esophagus, and colon in rodent models while its effect in human cancer is not yet fully understood [13] . Moreover, little is known about the mechanism responsible for the apoptotic activity of auraptene against gastric cancer cells.
In the present study, the cytotoxicity of SFE of phalsak (Citrus hassaku Hort ex Tanaka) fruit in the human gastric cancer SNU-1 cells was assessed. We determined for the first time that auraptene, the major compound of phalsak peel SFE, induces cytotoxicity of SNU-1 cells with IC 50 value ≤ 25 M. These results suggest that auraptene positively regulates apoptotic signaling by downregulating the mTOR pathway via feedback activation on Akt in SNU-1 cells.
Materials and Methods

Preparation of SFE.
Dried peel (280.4 g) and flesh (371.1 g) were loaded separately into a 1 L thick-walled stainless steel thimble extraction cell and extracted at 50 ∘ C for 2 h. The extraction was performed using CO 2 at 300 bar pressure in a diaphragm compressor (Haskell Co., Bellingham, WA, USA). The extracts (peel: 2.24 g, flesh: 1.75 g) were deposited in a separator attached to a metering valve and held in a circulating bath at 0 ∘ C. Finally, the extracts were collected into a clean vial and stored in aliquots at −20 ∘ C until analysis. The thawed sample was not frozen back for reuse.
Cell Culture.
Human gastric cancer (AGS, MKN45, SNU-1, and SNU-16) cell lines were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea). Human embryonic kidney (HEK-293T) cells were kindly provided by Professor Jae Hoon Kim at the Faculty of Biotechnology, Jeju National University, Republic of Korea. Cells were maintained at 37 ∘ C in a humidified atmosphere under 5% CO 2 in RPMI 1640 or DMEM containing 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 g/mL streptomycin. Exponentially grown cells were treated with various concentrations of the solvent fractions, as indicated.
Cell Viability
Assay. Cells were maintained in a humidified incubator at 37 ∘ C in a 5% CO 2 atmosphere. Antiproliferative activity was determined by the cell viability assay. The effect of the samples on the viability of various cancer cell lines was determined by an MTT-based assay. Exponentialphase cells were collected and transferred to a 96-well microtiter plate (2 × 10 3 -5 × 10 4 cells per mL) to detect cytotoxicity in the gastric cancer cell lines. The cells were incubated for 2 days with various concentrations of the fruit extract. The supercritical fluid extract was dissolved in DMSO and diluted in PBS to obtain a stock solution, which was stored at −20 ∘ C. After the incubation, 0.1 mg MTT (Sigma, St. Louis, MO, USA) was added to each well, and the cells were incubated at 37 ∘ C for 4 h. The medium was carefully removed. DMSO (150 L) was added to each well to dissolve the formazan crystals. The plates were read at 570 nm after the crystal had dissolved completely, using a Sunrise microplate reader (Sunrise, Tecan, Salzburg, Austria). The percent cell viability was calculated based on the following formula: mean value of (control group − treated group/control group) × 100%. All results were assessed in triplicate for each concentration.
Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis. GC-MS analysis was carried out using a Shimadzu GC-MS (Model QP-2010, Shimadzu Co., Kyoto, Japan) in the electron impact mode. The capillary column was an Rtx-5MS (30 m length, 0.25 mm internal diameter, and 0.25 M film thicknesses). Ionization was set at 70 eV and injector and detector were set at 250 and 290 ∘ C, respectively. The oven temperature was set at 60 ∘ C (isothermal for 2 min) and was ramped up to 250 ∘ C at 5 ∘ C/min (isothermal for 2 min) and up to 310 ∘ C at 8 ∘ C/min (isothermal for 5 min). Helium was used as the carrier gas at 1 mL/min with an injector volume of 1 L (1 : 10 split ratio). Supercritical fractions were dissolved in hexane (1 mg/mL), filtered through 0.2 m syringe filter (Advantec, Tokyo, Japan), and an aliquot of sample was injected into the GC-MS. The mass spectra of each compound were tentatively identified by comparing with Wiley 7th edited library data of the GC-MS system. The compound identity was further confirmed with the retention indices (RI) of standard compounds. RI values on the column were determined using a mixture of alkanes (C 7 -C 30 ) which were run under identical conditions.
Microscopic Observation of Nuclear Morphology.
Cells, placed in 6-well plates at 5 × 10 4 cells/mL, were treated with the samples. After 24 h, 10 M of Hoechst 33342, a DNAspecific fluorescent dye, was added to the solution in each well and the plates were incubated for 10 min at 37 ∘ C. The stained cells were then observed under an Olympus fluorescence microscope.
Flow Cytometric Analysis.
To determine cell cycle distribution analysis, 5 × 10 4 cells/mL cells were plated in 6-well plate and treated with the samples for 24 h. After treatment, the cells were collected, fixed in 70% ethanol, washed in PBS (2 mM EDTA), resuspended in 1 mL PBS containing 1 mg/mL RNase and 50 mg/mL propidium iodide, incubated in the dark for 30 min at 37 ∘ C, and analyzed by FACS caliber flow cytometry (Becton Dickinson, USA). Data from 10,000 cells were collected for each data file.
JC-1 Analysis.
Mitochondrial membrane potential (ΔΨm) was measured by flow cytometry using JC-1 staining. After treatment of the sample, the cells were incubated with 1 L of JC-1. After 10 min, cells were washed twice with PBS and immediately subjected to flow cytometric analysis. The percentage of cells in the high-red region or low-red and high-green region was measured under the different treatments.
Western Blot Analysis.
After treatment, the cells were collected and washed twice with cold PBS. The cells were then lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 1 mM EGTA, 1 mM NaVO 3 , 10 mM NaF, 1 mM DTT, 1 mM PMSF, 25 g/mL aprotinin, and 25 g/mL leupeptin) and kept on ice for 30 min. The lysates were then centrifuged at 13,000 ×rpm at 4 ∘ C for 30 min; the supernatants were stored at −70 ∘ C until use. The protein concentration was determined by the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA). Aliquots of the lysates (60-100 g of protein) were separated by 7.5-15% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-RAD, HC, USA) using a glycine transfer buffer (192 mM glycine, 25 mM Tris-HCl, pH 8.8, and 20% methanol [v/v] ). After blocking with 5% nonfat dried milk, the membrane was incubated for 2 h with primary antibodies followed by 30 min with secondary antibodies in milk containing Tris-buffered saline (TBS) and 0.1% Tween 20. All primary antibodies were used at a dilution of 1 : 1,000; HRPconjugated goat anti-rabbit IgG (H+L) and HRP-conjugated goat anti-mouse IgG were used as secondary antibodies at a dilution of 1 : 5,000. The PVDF membrane was then exposed to X-ray film (AGFA, Mortsel, Belgium), and the protein bands were detected using a WEST-ZOL plus Western Blot Detection System (iNtRON, Gyeonggi-do, Korea).
Statistical Analysis.
All results were expressed as the mean ± standard deviation. One-way analysis of variance using SPSS v 12.0 software package was applied. All assays were performed in triplicate. Values of * < 0.01 were considered to be statistically significant.
Results
Cytotoxic Effect and Chemical Composition of Supercritical
Fluid Extracts. MTT assay was carried out to investigate the cytotoxic effect of SFEs of Citrus hassaku Hort ex Tanaka (phalsak) peel and flesh (25-200 g/mL) against human gastric cancer SNU-1 cells. The cytotoxic effect of the peel fraction was significantly greater than the flesh fraction against the gastric cancer cells (Figure 1(a) ). The GC-MS analysis of SFEs of phalsak revealed 49 compounds and 43 compounds in peel and flesh, respectively (Table 1) . Auraptene was found to be the major compound in peel SFE, while almost no auraptene was detected in the flesh SFE (Figure 1(b) ).
Cytotoxic Effect of Auraptene.
Since the cytotoxic effect and the abundance of auraptene are significantly greater in the peel fraction than in the flesh fraction, we presume that auraptene is highly likely to be the most potent anticancer candidate present in the phalsak (Citrus hassaku Hort ex Tanaka) fruit. For this reason, we have studied the anticancer effects taking auraptene as a possible therapeutic candidate in the treatment of human gastric cancer. Although auraptene has previously been reported to have a potential of chemoprevention against various types of cancers such as liver, skin, tongue, esophagus, and colon in rodent models, its effect in human cancer is poorly reported [13] . This also substantiated our interest in anticancer effect of auraptene on human gastric cancer cells. As shown in Figure 2 , auraptene reduced the viability of all types of tested gastric cancer cells in a dose-dependent manner. Among them, SNU-1 was the most sensitive with IC 50 value ≤ 25 M. In contrast, auraptene did not pose cytotoxic effect against noncancer cell lines HEK-293T. Therefore, auraptene has high potential to treat gastric cancer cells without harming normal cells.
Effect of Auraptene on Cell Morphology, Cell
Cycle Distribution, and ΔΨm. Morphological changes such as cell shrinkage, blebbing, condensation, and fragmentation of chromatin are associated with apoptotic cell death. To evaluate the effect of auraptene on proliferation and to characterize auraptene-induced apoptosis, SNU-1 cells were treated with or without various concentrations of auraptene and stained with Hoechst 33342 and then observed under fluorescence microscopy. As shown in Figure 3 (a), after treatment with 25, 50, and 100 M auraptene, SNU-1 cells showed morphological changes, including condensed and fragmented chromatin with dose-dependently increased apoptotic bodies (arrows). Cell cycle regulation is the major regulatory mechanism of cell growth. Many cytotoxic agents arrest the cell cycle at the G1, S, or G2/M phases, cause cells to accumulate in the sub-G1 phase, and then induce apoptotic cell death. In this study, signs of apoptosis were indicated by the increased sub-G1 SNU-1 cells after auraptene treatment in a concentration dependent manner. The sub-G1 population was increased from 4.80% (0 M) to 23.45% (100 M). In addition, low concentration of auraptene (25 and 50 M) caused a significant increase in the G1 population (from 55.75% to 61.34 and 75.40%, resp.) ( Table 2 ). These data suggest that auraptene inhibits SNU-1 cell proliferation by inducing G1 cell cycle arrest at relatively lower concentrations and causing the accumulation of sub-G1 cells at higher concentrations. As depicted in Figure 3 (b) auraptene caused a decrease in the mitochondrial membrane potential (ΔΨm) in a concentration dependent manner, from 85.66% at control to 12.13% at 100 M. From these results it is clear that auraptene caused apoptotic cell death in SNU-1.
Effects of Auraptene on the Regulation of Apoptosis Related
Proteins and PI3K/Akt/mTOR Signaling Pathway. Apoptosis is regulated by various types of modulators, such as caspases [14] . To determine the mechanism of auraptene-induced apoptosis, the regulation of apoptotic proteins was examined by western blotting. The protein level of effector caspase-3 was decreased, whereas the level of cleaved form of caspase-3 was increased dose-dependently. Further, the level of proteolytically cleaved PARP was increased in a dose-dependent manner (Figure 4(a) ). Cellular stress can activate p53, which induces cell cycle arrest or apoptosis. When DNA damage occurs, activated p53 halts the progression of cell cycle in the G1 phase to provide time for DNA repair. As illustrated in Figure 4 (a), auraptene dose-dependently induced the phosphorylation of p53 and caused dose-dependent downregulation of cyclin D1, indicating that auraptene could induce cell cycle arrest in SNU-1 ( Table 2 ). The PI3K/Akt/mTOR pathway is an intracellular signalling pathway important in cell growth and apoptosis. Therefore, we examined whether auraptene can regulate the PI3K/Akt/mTOR signaling pathway. As shown in Figure 4(b) , the level of phospho-mTOR was decreased accompanied by downregulation of p-p70S6K and downstream of mTOR proteins. However, the level of phospho-Akt was increased, which is reminiscent of the effect of rapamycin, the mTOR inhibitor. Therefore, we tested whether auraptene can induce negative feedback loop on Akt/ mTOR signaling, the same as rapamycin (mTOR inhibitor) does in SNU-1 cells. As shown in Figure 4 (c), both auraptene and rapamycin downregulate phosphorylation of mTOR and its downstream p70S6K but feedback activation of Akt in a similar pattern (Figure 4(c) ). Altogether, these results suggest that auraptene could induce p53 dependent cell cycle arrest and apoptosis and furthermore, it could suppress the proliferation of SNU-1 cells by downregulation of mTOR downstream signalling.
Discussion
The use of carbon dioxide in the supercritical state has been shown to be an effective method for obtaining bioactive molecules from plants. Recent studies reported that supercritical fluid extraction (SFE) is the process of separating one component from another using supercritical fluids as the extracting solvent. In this study, we determined the cytotoxic effect of SFE from peel and flesh of phalsak (Citrus hassaku Hort ex Tanaka) on human gastric cancer SNU-1 cells and demonstrated that phalsak peel SFE significantly inhibits the cell viability. In most of the studies on the volatile composition of Citrus fruits obtained by conventional methods of extractions, limonene was found in a proportion of > 94.8% [15, 16] . However, in the present study limonene was found to be extremely low levels in phalsak. The discrepancy can be attributed to the supercritical extracts as well as the geographical origin of the samples. Apoptosis is a compactly regulated process controlled by several signaling pathways, such as the death receptors and mitochondrial pathways [17] . Mitochondria are known to play a central role in mediating "intrinsic death signals" and could therefore serve as a novel target for chemotherapy. Cell cycle regulation is the major regulatory mechanism of cell growth. Many cytotoxic agents arrest the cell cycle at the G1, S, or G2/M phases, cause cells to accumulate in the sub-G1 phase, and induce apoptotic cell death. Our results indicated that auraptene induces cell cycle arrest at low concentration and increases the population in sub-G1 phase in a dose-dependent manner (Table 2 ). In addition, cells were undergoing apoptosis by disturbed mitochondria membrane potential and activation of apoptosis related proteins. It has been suggested that chemically induced apoptosis is often associated with the loss of ΔΨm as a consequence of the leakiness of the inner mitochondrial membrane [18] . As depicted in Figure 3 (b) auraptene caused a dramatic decrease in the mitochondrial membrane potential (ΔΨm) in a concentration dependent manner. The prevention of cancer is largely dependent on tumor suppressor protein p53. Cellular stress can activate p53 which induces cell cycle arrest or apoptosis. The choice between apoptosis or cell cycle arrest is influenced by many factors such as type of cell, stress, and action of p53 coactivators [19] . As illustrated in Figure 4 (a) and Table 2 , auraptene dose-dependently induced the phosphorylation of p53 and reduced the level of cyclin D1, indicating that activated p53 could halt the progression of cell cycle in G1 phase as well as induction of apoptosis. The PI3K/Akt/mTOR pathway is involved in the regulation of cell growth and survival. Mammalian target of rapamycin (mTOR) is an essential component of intracellular signalling for cellular growth, mRNA translation, and metabolism. mTOR has been demonstrated to be involved in gene regulation and translation of specific transcripts when cells respond to environmental stimuli [20] . mTOR is regulated by mitogen-responsive pathways and it could be activated by PI3K/Akt pathways [21, 22] . However, previous studies suggest that inhibition of p70S6K by the mTOR inhibitor rapamycin results in an increase of the IGF-1R/IRS-1/PI3K (insulin-like growth factor receptor/insulin receptor substrate-1/phosphoinositide 3-kinase) signaling and activation of Akt. It has been reported that p70S6K mediates phosphorylation of IRS-1 inhibitory serine sites (S312 and/or S636/639) which lead to IRS-1 degradation [23, 24] . Thus, suppression of p70S6K activity by rapamycin may prevent inhibitory IRS-1 phosphorylation, thereby stabilizing IRS-1. An increase in IRS-1 adapter protein levels may induce Akt activity by augmenting IGF-1R signaling to PI3K/Akt. These data indicate that mTOR inhibition by rapamycin induces negative feedback activation of Akt that is IGF-1R/ PI3K dependent. Interestingly, we noticed auraptene-induced phosphorylation of Akt but downregulation of mTOR and its downstream p70S6K (Figure 4(b) ), indicating auraptene has effect of mTOR inhibition the same as rapamycin does in SNU-1 cells. Using human non-small cell lung cancer (NSCLC) cells, Sun et al. reported that mTOR inhibition by rapamycin induces activation of survival pathways involving increase of Akt and eIF4E phosphorylation. They showed that prevention or disruption of the activation of Akt and eIF4E enhanced rapamycin-mediated growth inhibition, indicating that the induced activation of Akt and eIF4E survival pathways counteracts the mTOR inhibitor's effect on the growth of human cancer cells [25] . It remains possible that mTOR inhibition induces Akt activation by other unknown mechanisms, such as indirect activation of mTOR-rictor by auraptene, which require further elucidation. Currently, the possibility that PI3K inhibitor and/or IGF-1R antibody in combination with auraptene can exhibit enhanced (synergistic) effects on the growth of human gastric cancer cells is under investigation in our laboratory. 
